The exudate of fully germinated spores of Clostridium perfringens S40 in 0.15 M KCl-50 mM potassium phosphate (pH 7.0) was found to contain another spore-lytic enzyme in addition to the germination-specific amidase previously characterized (S. Miyata, R. Moriyama, N. Miyahara, and S. Makino, Microbiology 141:2643-2650, 1995). The lytic enzyme was purified to homogeneity by anion-exchange chromatography and shown to be a muramidase which requires divalent cations (Ca ) for its activity. The enzyme was inactivated by sulfhydryl reagents, and sodium thioglycolate reversed the inactivation by Hg
Bacterial spore germination, defined as the irreversible loss of spore characteristics, is triggered by specific germinants and proceeds through a set of sequential steps. The later stage of germination involves decomposition of the spore peptidoglycan by a spore cortex-lytic enzyme(s) (8, 24) . The enzymes involved in the reaction have been identified from spores of Bacillus megaterium (7) , Bacillus cereus (20, 26) , Bacillus subtilis (25) , and Clostridium perfringens (22, 23) and characterized as germination-specific amidases. A 30-kDa amidase of B. subtilis contributes to germination of the organism mediated by Lalanine but not to germination triggered by an unspecified germinant(s) present in culture medium such as Schaffer's medium (25) . This suggests the presence of multiple pathways for spore germination, and it is likely that a germination-specific enzyme(s) other than the amidases identified to date is also involved in hydrolysis of spore peptidoglycan.
Gombas and Labbe reported (14) that spore cortex-lytic enzymes differing in their substrate specificity are released during germination of C. perfringens spores, though it was not clear whether the enzymes are actually involved in germination; one such enzyme lyses decoated spores, and the other hydrolyzes isolated cortical fragments. The former enzyme is most likely the germination-specific 31-kDa amidase characterized by Miyata et al. (22) , judging from the substrate specificities of the two enzymes. In the present study, we have isolated a cortical fragment-lytic enzyme (CFLE) from the germination exudate of C. perfringens S40 spores, which acts as a muramidase. However, the muramidase did not digest cortical fragments prepared from the CwlD-deficient mutant of B. subtilis (32) , whose spores lack muramic acid ␦-lactam, a major component of spore peptidoglycan (2) . This strongly indicates that the muramidase is a germination-specific enzyme. In this article, we describe the purification and characterization of the enzyme and the cloning of the gene, named sleM, encoding the enzyme.
MATERIALS AND METHODS
Bacterial strains and plasmids. Spores and vegetative cells of C. perfringens S40 were used as the source of CFLE and chromosomal DNA, respectively. C. perfringens S40, B. subtilis 168 AJ12866, B. subtilis ADD1 (a B. subtilis mutant with an insertionally inactivated cwlD gene), and B. cereus IFO 13597 were cultured as described by Miyata et al. (23) , Moriyama et al. (25) , Sekiguchi et al. (32) , and Makino et al. (20) , respectively. Escherichia coli XL1-Blue (Stratagene Cloning System, La Jolla, Calif.) was used as a host for screening the library. Plasmid pUC118 (Novagen, Inc., Madison, Wis.) and pBluescript II KSϩ (Stratagene) were used as cloning vectors. E. coli was routinely grown at 37°C in 2ϫ YT medium with ampicillin added to 100 g per ml for plasmid-carrying strains (30) .
Preparation of spores, decoated spores, isolated cortical fragments, and isolated vegetative cell walls and disruption of spores and vegetative cells. Spores, decoated spores, isolated cortical fragments, and isolated vegetative cell walls of C. perfringens S40, B. subtilis 168, B. subtilis ADD1, and B. cereus were prepared by methods described previously (20, 23) . Dormant spores, decoated spores, and vegetative cells (75 mg packed weight) were disrupted at 0 to 4°C with a beadbeater in a 1.5-ml microcentrifuge tube containing 200 l of 0.15 M KCl-50 mM potassium phosphate (pH 7.0) and 100 mg of glass beads (diameter, 0.1 mm).
Spore-lytic enzyme assay. Peptidoglycan-degrading enzymes were assayed by measuring the decrease in optical density at 600 nm (OD 600 ) of decoated spores and/or isolated peptidoglycan suspensions in a cell with a 1-mm light path at 32°C with a Jasco UV spectrophotometer (Japan Spectroscopic Co., Tokyo, Japan), as described previously (20) . One unit of activity was defined as a decrease in OD 600 of 0.100 per min.
Purification of CFLE from germination exudate. C. perfringens spores were washed extensively with 50 mM potassium phosphate (pH 7.0) containing 2 M KCl and then washed with 50 mM potassium phosphate (pH 7.0) containing 2 M urea. The cleaned spores were washed several times with deionized water and heated at 75°C for 20 min in deionized water. The spores (3 g [packed weight]) were then germinated at 32°C for 40 min in 90 ml of 0.15 M KCl-50 mM potassium phosphate (pH 7.0), containing 5 mM L-alanine and 2 mM inosine, in the presence of CO 2 as described by Ando and Tsuzuki (1). After centrifugation (8,000 ϫ g for 10 min at 4°C), the germination exudate was dialyzed at 4°C for 20 h against 2 liters of 40 mM potassium phosphate (pH 7.0) containing 1 mM sodium thioglycolate (buffer A). The dialyzed fluid was put on a SP-Sephadex C-25 column (2.2 by 10 cm; Pharmacia, Uppsala, Sweden) which had been equilibrated with buffer A at 4°C. Cortical fragment-lytic activity was recovered in fractions that ran through the column. The eluate (90 ml) was immediately applied to a QAE-Sephadex A-25 column (2.2 by 10 cm; Pharmacia) equilibrated with buffer A, and adsorbed materials were eluted at 4°C with a 160-ml linear gradient of up to 0.4 M KCl in buffer A. Fractions containing cortical fragmentlytic activity were eluted at a KCl concentration of 0.02 to 0.08 M. The fractions were pooled (30 ml) and dialyzed at 4°C for 20 h against 2 liters of 10 mM potassium phosphate (pH 6.0; buffer B). The dialyzed solution was applied at 20°C to an MCI GEL CQA-35S column (7.5 by 75 mm; a high-performance liquid chromatography column [Mitsubishi Chemicals Co., Tokyo, Japan]) equilibrated with buffer B. Proteins were eluted at 20°C with a linear gradient of 0 to 0.2 M KCl in buffer B. The flow rate was 0.5 ml per min, and the eluate was monitored by measuring the A 220 . Fractions (0.5 ml each) were collected and assayed for enzyme activity.
Preparation of antiserum and immunoprecipitation. A mouse was injected intraperitoneally with 20 g of purified enzyme emulsified in Freund's complete adjuvant. After 3 weeks, the mouse was injected with the same amount of protein in Freund's incomplete adjuvant. A second boost was performed 5 weeks later, and the mouse was bled 10 days after the final injection. The blood was brought to 0.15 M NaCl-5 mM sodium phosphate-0.1% NaN 3 (pH 7.0) via the addition of a concentrated buffer and then stored at 4°C for 20 h. After centrifugation (14,000 ϫ g for 5 min at 4°C), the antiserum was stored at Ϫ20°C.
The antiserum (50 l) or nonimmune control serum of the immunized mouse (50 l) was incubated with 100 l of protein A-agarose (Pharmacia) for 16 h at 4°C. After centrifugation (6,000 ϫ g for 5 min at 4°C), the gel was washed with 1.5 M glycine-NaOH (pH 7.0) containing 3 M NaCl and equilibrated with buffer A. The extract made from disrupted dormant spores in 0.15 M KCl-50 mM potassium phosphate (pH 7.0; 0.15 U, 100 l) was mixed with serum-treated protein A-agarose gels. This mixture was incubated at 4°C for 16 h. After centrifugation (6,000 ϫ g for 5 min at 4°C), the cortical fragment-lytic activity and the protein of the supernatant were examined.
Mode of action of the enzyme. Cortical fragments were suspended in 2 ml of 25 mM potassium phosphate (pH 6.0) at a concentration of 3.6 mg of dried fragments per ml, and the suspension was incubated with the purified enzyme (3.0 U, 20 l) at 32°C, monitoring the change in OD 600 . A part of the suspension (300 l) was centrifuged (8,000 ϫ g for 10 min at 4°C) at appropriate time intervals, and suitable samples of the supernatant were assayed for the appearance of amino groups with trinitrobenzenesulfonate as described by Fields (6) and reducing groups by the method of Thompson and Shockman (34) . A control experiment was performed with the enzyme boiled for 10 min.
Cortical fragments were digested with purified CFLE for 1 h as described above and reduced with sodium borohydride (2.5 mg per ml) in 0.1 M sodium borate (pH 10) for 24 h at room temperature. The reduced materials were dried in vacuo, washed three times with methanol, and hydrolyzed with 6 N HCl for 24 h at 105°C. The hydrolysate was dissolved in 0.1 M sodium citrate (pH 2.2) and analyzed for amino acid and amino sugar compositions on an amino acid analyzer (model JLC-300A; JEOL, Ltd., Tokyo, Japan). As a control, undigested cortical fragments were also reduced with sodium borohydride, hydrolyzed with HCl, and analyzed for amino acid and amino sugar compositions.
Hybridization probe. Purified CFLE (3 g) was digested with lysyl endopeptidase (0.25 g; Wako Pure Chemicals, Osaka, Japan) for 16 h at 30°C in 5 ml of 5 mM sodium phosphate (pH 8.0), containing 2.7 M urea, and applied to an MCI GEL ODS-2PU column (4.6 by 250 mm; Mitsubishi Chemicals Co.). Peptides were eluted from the column with a linear gradient of 5 to 95% acetonitrile in the presence of 0.05% trifluoroacetic acid. Four peak fractions were collected, and the amino-terminal sequences of the peptides were determined. Based on the N-terminal sequences of purified CFLE and one of the peptides, two oligonu-
, were synthesized. PCR was performed with chromosomal DNA of C. perfringens by use of the primers, and the PCR product obtained (800 bp) was labeled with [ 32 P]CTP and used as a probe for hybridization analyses. Screening of the sleM gene. Genomic DNA from C. perfringens S40 was digested with HindIII. After agarose gel electrophoresis, fragments in the size range of 3.8 to 4.5 kb were purified with a Geneclean II kit (Bio 101, Inc., La Jolla, Calif.). These were ligated into pUC118 that had been digested with HindIII and dephosphorylated with calf intestine alkaline phosphatase by use of a ligation kit (T4 DNA ligase; Takara Shuzo, Kyoto, Japan) and transformed into E. coli XL1-Blue by the method of Hanahan (16) . The ampicillin-resistant (Ap r ) colonies were selected on LB agar plates containing 100 g of ampicillin per ml and used as the gene library. The Ap r transformants were screened by colony hybridization with the 32 P-labeled probe described above. A positive colony with pCP42H (pUC118 plasmid containing a 4.2-kb HindIII fragment) was isolated.
Nucleotide sequencing and analysis. Nucleotide sequencing was performed by the dideoxynucleotide chain termination method of Sanger et al. (31) with an A.L.F. DNA sequencer (Pharmacia). The nucleotide and amino acid sequence analysis and sequence comparison with DNAs and proteins registered in the databases (GenBank, EMBL, PIR, and SWISS-PROT) were performed with MACDNASIS software (Hitachi Software Engineering, Tokyo, Japan).
Other procedures. Protein concentrations were determined by the methods of Lowry et al. (19) and/or Groves et al. (15) , with bovine serum albumin as the standard. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (12.5% polyacrylamide) and immunoblotting were carried out as described elsewhere (20, 22) . Analyses of N-terminal amino acid sequences were carried out on a protein sequencer (model 477A/120A; Applied Biosystems, Foster City, Calif.).
Nucleotide sequence accession number. The nucleotide sequence data reported in this article will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession number D88151.
RESULTS

Purification and N-terminal amino acid sequence of CFLE.
Prior to germination, C. perfringens spores were washed with a 2 M KCl solution and then a 2 M urea solution to remove a spore surface-bound hexosaminidase. After heating at 75°C for 20 min, spores were germinated. The germination exudate contained activities able to lyse both coatless spores and isolated cortical fragments. The two activities were separated by SP-Sephadex C-25 column chromatography (data not shown). This unequivocally indicates the presence of two enzymes which differ in their substrate specificity. The release of these enzymes occurred during germination in the presence of chloramphenicol (100 g per ml), an inhibitor of protein synthesis, suggesting that the enzymes are not synthesized de novo during germination.
The steps in the purification procedures of CFLE and the yields are shown in Table 1 . The enzyme was finally purified by MCI GEL CQA-35S column chromatography and recovered in the major peak of protein, as shown in Fig. 1A . Fractions comprising this peak contained a single predominant protein with an apparent molecular mass of 38 kDa, as determined by SDS-polyacrylamide gel electrophoresis (Fig. 1B, lane 3) . The yield of enzyme activity was 17%. The N-terminal amino acid sequence of CFLE was determined to be MQDKNPLSTFG PDLN (15 residues) by Edman degradation.
Treatment of CFLE with lysyl endopeptidase produced four main peptides, and their N-terminal amino acid sequences were as follows: peptide A, NSDFIYLRASGSGTGK; peptide B, FLEFAK; peptide C, EDDLNGYNVFVNDNYAGTLP RK; peptide D, ISIEAFDITGDFSK.
Substrate specificity and mode of action of CFLE. CFLE was tested for its ability to hydrolyze a wide range of peptidoglycan substrates. Isolated cortical fragments from spores of a number of organisms (C. perfringens, B. subtilis, and B. cereus), except for spores from the muramic acid ␦-lactam-deficient mutant B. subtilis ADD1, were hydrolyzed effectively. The enzyme was unable to hydrolyze isolated vegetative cell walls of C. perfringens and B. subtilis, which have no muramic acid ␦-lactam residue in the peptidoglycan. The enzyme also did not lyse decoated spores, which possess morphology of intact spores and are the substrates of germination-specific amidases from C. perfringens (23) and B. cereus (20) . Thus, CFLE attacks only disrupted peptidoglycan containing muramic acid ␦-lactam.
The bond specificity of CFLE was ascertained by the detection of groups liberated from the peptidoglycan by hydrolysis. Degradation of isolated C. perfringens cortical fragments by the enzyme resulted in the release of reducing sugars but no free amino groups, as shown in Fig. 2 . No lysis occurred when the enzyme was boiled for 10 min before assay. The results suggest a cleavage of the cortex polysaccharide by the enzyme.
To further study the bond specificity, cortical fragments were digested with CFLE under the conditions described in Materials and Methods, and the digested materials were reduced, hydrolyzed with 6 N HCl, and analyzed with an amino acid analyzer. When compared with nondigested cortical fragments, the enzyme-treated sample showed ϳ40% decrease in muramic acid, which was reduced to muramicitol. However, there was no observable change in other components examined (glucosamine, glucosaminitol, glutamic acid, and alanine). It has been indicated that the glycosidic bonds adjacent to the muramic acid ␦-lactam are resistant to the action of other muramidase-like lysozymes (2, 27, 35) . Therefore, it seems that CFLE is an N-acetylmuramidase which splits the ␤-(1-4) glycosidic bond between N-acetylmuramic acid and the N-acetylglucosamine unit.
Effects of temperature, pH, divalent cations, ionic strength, and sulfhydryl reagents on CFLE activity. The enzyme was active over a pH range of 4.0 to 10, with an optimum at pH 5.0, and the activity was lost by heat treatment at temperatures above 60°C for 10 min (data not shown).
The , the enzyme activity depends on the ionic strength of the medium, of which the optimum is about 0.1 M. The fact that the enzyme is active without added divalent cations suggests that the endogenous residual amounts of divalent cations are sufficient to maintain the enzyme activity.
FIG. 1. Chromatography of CFLE on an MCI GEL CQA-35S column and SDS-gel electrophoretic profiles showing purification of the enzyme. (A)
The fraction having cortical fragment-lytic activity, which was obtained by QAE-Sephadex A-25 column chromatography (30 ml, from 3 g of packed spores), was put on an MCI GEL CQA-35S column. Proteins were eluted with a linear gradient of KCl at a flow rate of 0.5 ml per min. Fractions (0.5 ml each) were collected and assayed for cortical fragment-lytic activity. The broken line shows the molarity of KCl. (B) The CFLE was purified as described in Table 1 and analyzed by 0.1% SDS-12.5% polyacrylamide gel electrophoresis. Lanes: 1, germination exudate; 2, components containing cortical fragment-lytic activity eluted from a QAE-Sephadex A-25 column; 3, MCI GEL CQA-35S column-purified enzyme (fractions having cortical fragment-lytic activity shown by bar in panel A). Approximately 3 to 30 g of protein was electrophoresed and silver stained. Migration positions of standard proteins were as follows: bovine serum albumin, 67 kDa; ovalbumin, 44 kDa; lactic dehydrogenase, 30 kDa; chymotrypsinogen, 26 kDa; RNase A, 14 kDa (top to bottom).
FIG. 2.
Release of reducing groups during digestion of cortical fragments with CFLE. Spore cortical fragments of C. perfringens (7.2 mg) were suspended in 2 ml of 25 mM potassium phosphate (pH 6.0). CFLE (3.0 U, 20 l) was then added to the suspension, and digestion was performed at 37°C. Aliquots were taken at the indicated times for the determination of turbidity at 600 nm in a cell with a 1-mm light path (ᮀ), the release of reducing sugars (E), and the release of amino groups (Ç). No decrease in turbidity was seen when heat-denatured enzyme was used (s).
The enzyme was inhibited by sulfhydryl reagents such as HgCl 2 , p-chloromercuribenzoate, and N-(9-acridinyl)maleimide ( Table 2 ). The addition of sodium thioglycolate (5 mM) restored more than half of the activity which had been once lost with 1 mM HgCl 2 
. Although p-nitrophenyl-N-acetyl-␤-Dglucosamide and p-nitrophenyl-tetra-N-acetyl-␤-chitotetrao-
side were not substrates of CFLE, partial inhibition of the enzyme with these compounds (Table 2 ) may be due to their structural homology with the spore cortex peptidoglycan.
Detection of CFLE-related proteins in spore fractions. The antiserum raised against CFLE was used to detect CFLErelated proteins in spore fractions separated by SDS-polyacrylamide gel electrophoresis to locate CFLE in the dormant spore. As shown by immunoblotting, the antiserum recognized only a 38-kDa component in the germination exudate, which is indicated to be CFLE (Fig. 3, lane 2) . When dormant spores were disrupted in and extracted with 0.15 M KCl-50 mM potassium phosphate (pH 7.0), the extract lysed cortical fragments and contained a 38-kDa protein as the component which cross-reacted with the antiserum (Fig. 3, lane 3) . When the extract was treated with the antiserum as described in Materials and Methods, the treatment led to a complete loss of enzyme activity, in parallel with the disappearance of the 38-kDa protein in the extract (Fig. 3, lane 4) . These observations indicate that the 38-kDa protein in the extract is undoubtedly CFLE and that CFLE in the dormant spore is present in an active form. CFLE-related protein could not be detected in vegetative cells collected from a stationary-phase culture (Fig.  3, lane 5) , suggesting that CFLE is a spore-specific enzyme.
The coat fraction of C. perfringens spores was removed under alkaline conditions as described previously (22, 23) , and the resultant decoated spores were disrupted in and extracted with 0.15 M KCl-50 mM potassium phosphate (pH 7.0). The coat fraction and the extract were electrophoresed and immunoblotted. As shown in Fig. 3 (lanes 6 and 7) , CFLE was detected in the coat fraction, and its activity which was once lost at alkaline pH was regained after dialysis against 25 mM potassium phosphate (pH 7.0).
Nucleotide and predicted amino acid sequences of the sleM gene. From the gene library containing HindIII-digested fragments of C. perfringens chromosomal DNA, we obtained a clone, called pCP42H, which includes the structural gene for CFLE. The restriction map for pCP42H is shown in Fig. 4 . The nucleotide sequence of a NdeI-RV region in pCP42H and its predicted amino acid sequence are shown in Fig. 5 . The nucleotide sequence consisting of 1,524 bp had two open reading frames, orf1 of 140 bp and sleM of 966 bp. Orf1 was N-terminally truncated and had homology with D-alanine:D-alanine ligases from E. coli (identity, 51%) (37) and Haemophilus influenzae (identity, 61%) (33) . The complete nucleotide sequence of orf1 will be published elsewhere.
The sleM gene starts at an ATG initiation codon (nucleotides 214 to 216), which is preceded by a potential ribosomebinding site (GGAGAG, nucleotides 203 to 208) with a good complementarity to the 3Ј end of the 16S rRNA from C. perfringens (12) , and terminates at a TAG stop codon (nucleotides 1177 to 1179). Downstream of the stop codon, an inverted repeat sequence (nucleotides 1193 to 1207 and 1212 to 1226) was found. The GϩC contents in orf1 and sleM were 26 and 31 mol%, respectively, and the values were in good agreement with the biased codon usage of C. perfringens (28) .
The sleM gene encoded 321 amino acid residues (Fig. 5) . The 15 residues determined as the N-terminal amino acid sequence of CFLE were found in the protein encoded by sleM and starting at the initiation codon. Furthermore, sleM encoded the sequences of the peptides A, B, C, and D derived from CFLE digested with lysyl endopeptidase. Thus, SleM appears to be produced in a mature form with a calculated molecular weight of 36,358. This value was nearly equal to that estimated for the purified enzyme by SDS-polyacrylamide gel electrophoresis.
DISCUSSION
In this study, a 38-kDa spore-lytic enzyme in an active form was purified from germination exudate of C. perfringens S40 to electrophoretic homogeneity by anion-exchange chromatography. The enzyme was identified as a muramidase and digested disrupted spore peptidoglycans but did not hydrolyze decoated spores. The purified muramidase did not attack isolated cortical fragments from spores of a mutant B. subtilis ADD1, FIG. 3 . Immunological detection of CFLE-related proteins in dormant spores and vegetative cells. Spores and vegetative cells were disrupted and extracted as described in Materials and Methods, and the coat fraction was prepared as described in the text. The germination exudate, the spore extracts, and the coat fraction were subjected to SDS-polyacrylamide gel electrophoresis, followed by immunoblotting. Before electrophoresis, all of the samples were dialyzed against 10 mM Tris-HCl (pH 8.0) containing 0.2% SDS and 5 mM 2-mercaptoethanol, and 3 to 30 g of protein was loaded on the gel. Lanes: 1, purified CFLE; 2, germination exudate; 3, extract made from disrupted dormant spores; 4, the same extract as that in lane 3 but treated with anti-CFLE serum; 5, extract made from disrupted vegetative cells; 6, coat fraction; 7, extract made from disrupted decoated spores. Prior to electrophoresis, cortical fragment-lytic activity of the samples was examined. Symbols: ϩ, positive hydrolytic activity; Ϫ, no hydrolytic activity. which lacks muramic acid ␦-lactam, a major component of spore cortex in wild-type organisms. Similarly, the enzyme did not lyse isolated vegetative cell walls, in which the lactam structure does not occur. In addition, B. subtilis ADD1 has been reported to be deficient in germination (32) . These data indicate that germination-specific spore-lytic enzymes recognize the muramic acid ␦-lactam residue which is specific to spore peptidoglycans. In fact, we have observed that, like the muramidase characterized here, a germination-specific amidase from C. perfringens spores also has no lytic activity on decoated spores from B. subtilis ADD1 (data not shown).
Distinct classes of muramidases have been discerned based on amino acid sequence similarities and specific functional properties (17, 18) . It has been suggested that the muramidases of the fungus Chalaropsis (5), the bacterium Streptomyces globisporous (18) , the bacterium Clostridium acetobutylicum (4) , and the pneumococcal bacteriophages of the Cp family (11) form a separate group within the lysozyme family (4, 18) . In the Chalaropsis-type muramidases, the similarity observed among the enzymes corresponds to the amino-terminal half of the molecules, and the two amino acids of the muramidase of Chalaropsis, Asp-6 and Glu-33, that have been reported to be involved in the active center of the enzyme (9) have also been found in those enzymes, where they are conserved in equivalent positions. The carboxy-terminal half of the enzyme molecule has been indicated to play a role in the substrate recognition domain (4, 10) . When the amino acid sequence of CFLE was compared with those registered in the databases, it was rather analogous to those of the Chalaropsis-type muramidases mentioned above, as shown in Fig. 6 . However, it must be noted that CFLE had no similarity such as that clearly observed among the Chalaropsis-type enzymes in the region surrounding the catalytic amino acids, especially in the region near Glu-33 of the Chalaropsis enzyme. The sequences DGDY GDLF (residues 97 to 104) and DGVGSVDLN (residues 206 to 214) of CFLE are strikingly similar to the motif postulated as the substrate recognition region for various peptidoglycan hydrolases including germination-specific amidases of C. perfringens, B. cereus, and B. subtilis and an extracellular muramidase of C. acetobutylicum (13, 26) .
The activity of the muramidase of C. perfringens strongly depended on the ionic strength of the medium. Sulfhydryl reagents led to inactivation of the enzyme which is reversed by the addition of sodium thioglycolate. These features are also seen in the germination-specific amidases from B. cereus (20) and C. perfringens (23) . The muramidase of C. perfringens required divalent cations for its activity, which is in remarkable contrast to an extracellular muramidase of C. acetobutylicum (3) . In accordance with the observations that muramidases from bacteria and phage do not digest soluble substrates of the egg-white lysozyme (3, 21, 36) , the muramidase of C. perfringens did not lyse p-nitrophenyl-tetra-N-acetyl-␤-chitotetraoside. As in the case of a germination-specific amidase of C. perfringens (22) , CFLE was extracted from the dormant spore by incubation for 1 h at 40°C in 2% 2-mercaptoethanol-0.1 M H 3 BO 3 (pH 10), which strips the spore coat without damaging both cortex and core from C. perfringens spores (1, 14) . This indicates that these enzymes (the proform in the case of amidase) are probably located on the exterior of the cortex layer and attack peptidoglycan from the outside of cortex. Though not a germination-specific peptidoglycan hydrolase, one of the proteins of B. subtilis spores related to L-alanine-initiated germination, GerAB, has also been indicated as being localized to the boundary region between the cortex and coat of dormant spores (29) .
The results unequivocally indicated that the germinationspecific muramidase of C. perfringens exists in an active form in the dormant spore. Thus, the muramidase does not need activation during germination, while proteolytic cleavage is a crucial event for activation of the germination-specific amidase of the organism (22) . Furthermore, the muramidase and the amidase differ from each other in the recognition of morphology of substrate; the former requires cortical fragments for its activity, and the latter lyses only intact spore cortex. This suggests that in vivo, the muramidase attacks spore peptidoglycans partially hydrolyzed with the amidase. Therefore, the activity of the muramidase in the spore must be tightly regulated by its requirement for disrupted unstressed spore cortex.
